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We review our experimental progress on the spintronics proposal for quantum computing where
the quantum bits (qubits) are implemented with electron spins ¢onfined in semiconductor quantum
dots. Out of the five criteria for a scalable quantum computer, three have already been satisfied.
We have fabricated and characterized a double quantum dot circuit with an integrated electrometer.
The dots can be tuned to contain a single electron each. We have resolved the two basis states of
the qubit by electron transport measurements. Furthermore, initialization and single-shot read-out
of the spin state have been achieved. The single-spin relaxation time was found to be very long,
but the decoherence time is still unknown. We present concrete ideas on how to proceed towards

coherent spin operations and two-qubit operations.

PACS numbers:

INTRODUCTION

The interest in quantum computing [1] derives from
the hope to outperform classical computers using new
quantum algorithms. A natural candidate for the qubit
is the electron spin because the only two possible spin
orientations | 1) and ||} correspond to the basis states of
exactly one qubit. The Zeeman splitting, AEz, between
the two basis states is given by AEz = gupD, with g
the electron g-factor, up the Bohr magneton and B the
magnetic field. We follow the proposal by Loss and Di-
Vincenzo to use electron spins confined in semiconductor
quantum dots {2].

The quantum dots are defined in a GaAs/AlGaAs two-
dimensional electron gas (2DEG) by applying negative
voltages to metallic surface gates [3]. These structures
offer high flexibility and tunability, and allow easy inte-
gration with other devices, such as spin filters and elec-
trometers. Measurements are performed in a dilution
refrigerator with base temperature T = 10 mk, where
we can apply static magnetic fields up to 15 T.

We consider the five criteria of DiVincenzo’s checklist
[4] which must all be satisfied for any physical implemen-
tation of a quantum computer. We review the experimen-
tal progress on the spin qubit proposal using these five
criteria in the sections below.

I: SCALABLE PHYSICAL SYSTEM WITH
WELL-CHARACTERIZED QUBITS

The first of the five DiVincenzo requirements is to have
a scalable physical system with well-characterized qubits.
We have fabricated a double quantum dot circuit in which
a single electron can be confined in each of the two dots
[6]. In this circuit, a quantum point contact (QPC) de-
fined close to the dots can be employed as a sensitive
electrometer [6, 7]. The structure of the surface gates is

depicted in Fig. 1a.

In Fig. 1b we map out the charging diagram of the
double dot using the electrometer. Horizontal (vertical)
lines in this diagram correspond to changes in the number
of electrons in the left (right) dot. In the top right of the
figure lines are absent, indicating that the double dot
is completely depleted of electrons. Now the absolute
number of electrons can be easily determined by counting
the number of charge transitions. In the region indicated
by 711” both dots contain a single electron.

We use electron transport measurements through a sin-
gle dot (see Fig. 2a) to resolve the two qubit states |1}
and ||} [8]. The device is tuned to contain just a sin-
gle electron. We find a charging energy of 2.4 meV and
an orbital level spacing of 1.1 meV at B = 0 T. Figs.
2b-d show stability diagrams [3] around the 01 elec-
tron transition, measured at B=6 T, 10 T and 14 T. In
these diagrams, excited states appear as lines in the dif-
ferential conductance. A clear Zeeman splitting of both
ground and first orbital excited state is seen directly in
this spectroscopy measurement. Fig. 2e shows the mea-
sured Zeeman splitting for magnetic fields 4-14 T.

Concluding this section, we have fabricated a double
dot device with integrated electrometer that can serve as
a two-qubit circuit. Scaling up to more qubits is straight-

" forward. Also, we have identified the two basis states and

measured the energy splitting between them as a function
of magnetic field. Thus, the first requirement is fulfilled.

II: INITIALIZATION

Initialization of the spin to the pure state |1} — the de-
sired initial state for most quantum algorithms [1] — can
be achieved by waiting so long that energy relaxation
will cause the the spin on the dot to relax to the |T)
ground state. This is a very simple and robust initializa-
tion approach, which can be used for any magnetic field
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FIG. 1: (a) Scanning Electron Micrograph of the metallic
surface gates. White dotted circles indicate the two quantum
dots. White arrows show the possible current paths for the
QPCs. (b) Charge stability diagram ("honeycomb”) of the
double quantum dot, measured with @-R. A modulation (0.3

mV at 17.77 Hz} is applied to gate L, and digpa/dVL is -

measured with a lock-in amplifier and plotted in grayscale
versus Vi, and Vpa. The lines are due to charge transitions.
“The label 11" indicates the region where-each dot contains
one electron. Adapted from Ref. {5].

orientation {provided that gugB > 5kgT). However, as
it takes about 57} to reach equilibrium, it is also a very
slow procedure.

A faster initialization method is to place the level | 1)
below and ||} above the Fermi energy of the-leads (as
in Fig. 3a). Then, a spin-up electron will stay on the
dot, whereas a spin-down electron will tunnel out to the
leads, to be replaced by a spin-up. After waiting a few
times the sum of the typical tunnel times for spin-up and
spin-down (~ 1/T'y + 1/T"|), the spin will be with large
probability in the | T) state. This initialization procedure
is therefore quite fast. In our experiments, both initial-
ization methods have already been used,

We also have the possibility to initialize the dot to a
mixed state, where the spin is probabilistically in {T) or
|1}, by first emptying the dot, followed by placing both
spin levels below Ep. The dot is then randomly filled
with either a spin-up or a spin-down electron. This can be
very useful, especially for verifying read-out procedures
and testing two-spin operations.
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FIG. 2: {a) Scanning Electron Micrograph of the metallic
surface gates (for clarity, we have hidden the surface gates
that are not used in these experiments). Gates M, R and
T are used to form the quantum dot indicated by a white
circle. Current through the dot, Igp is measured as a func-
tion of applied bias voltage, Vsp = (us—pp)/e. (b)-(d)
Differential conductance dign/dVsp as a function of Vgp
and gate voltage near the 0«1 electron transition, at par-
allel magnetic fields of 6, 10 and 14 T. Darker corresponds
to larger dlgp/dVsp. The zero-field spin degeneracy of both
the ground state {GS) and the first orbital excited state (ES)
is lifted by the Zeeman energy as indicated by arrows. (e) Ex-
tracted Zeeman splitting AEz as a function of B. Adapted
from Ref. {8].

III: QUBIT READ-OUT

Read-out determines the result at the end of the com-
putation by measuring specific qubits. We have achieved
single-shot read-out of the spin orientation of an individ-
ual electron in a quantum dot [9]. Our approach utilizes
the Zeeman splitting, induced by a large magnetic field
parallel to the 2DEG, to create spin-to-charge conver-
sion (Fig. 3a). This is followed by real-time detection of
single-electron tunneling events using the electrometer.
The total visibility of the spin measurement is ~ 65%,
limited mostly by the ~ 40 kHz bandwidth of our cur-
rent measurement setup, and also by thermal excitation
of electrons out of the quantum dot, due to the (in this
experiment) high effective electron temperature of ~ 300
mK.

We estimate that we can improve the visibility of the
spin read-out technique to more than 90% by lowering
the electron temperature below 100 mK, and especially
by using a faster way to measure the charge on the dot.
This could be possible with a ‘radio-frequency QPC’ (RF-
QPC), similar to the well-known RF-SET [10]. In this
approach, the QPC is embedded in an LC circuit with
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FIG. 3: Schematic energy diagrams depicting spin-to-charge
conversion based on a difference in energy (a) between |7}
and ||}, or on a difference in tunnel rate (b).

a resonant frequency of ~ 1 GHz. By measuring the
reflection or transmission of a resonant carrier wave, we
estimate that it should be possible to read out the charge
state of the nearby quantum dot in ~ 1 gs, an order of
magnitude faster than is currently attainable.

A different way to perform spin-to-charge conversion
is to use not a difference in energy between spin-up and
spin-down, but a difference in tunnel rate (Fig. 3b). To
read out the spin orientation of an electron on the dot,
we simply raise both dot levels above Ep, so that the
electron can leave the dot. If the tunnel rate for spin-
up electrons, Iy, is much larger than that for spin-down
electrons, 'y, then at a suitably chosen time the dot will
have a large probability to be already empty if the spin
was up, but a small probability to be empty if the spin is
down. Measuring the charge on the dot within the spin
relaxation time can then reveal the spin state.

IV: LONG COHERENCE TIMES

The long-term potential of GaAs-based quantum dots
as electron spin qubits depends crucially on the spin co-
herence times 77 and Ty, We have measured the single-
spin relaxation time, T3, using the single-shot read-out
method described in the previous section. We find that
T} can be very long — on the order of 1 ms [9] (see Fig. 4),
implying that the spin is only very weakly disturbed by
the environment. The dominant relaxation mechanism
at large magnetic field is believed to be the coupling of
the spin to phonons, mediated by the spin-orbit interac-
tion {11].

The fundamental figure of merit for spin qubits is the
decoherence time of a single electron spin in a quantum
dot, 7%, which has never been measured. To build a
scalable quantum computer, a sufficiently long 7o {cor-
responding to more than 104 times the gate operation
time) {8 essential in order to reach the ‘accuracy thresh-
old’. However, for experiments in the near future, we only
need to perform a few spin rotations within 7%, which
might already be possible for much shorter 7%, on the or-
der of a us. This should also be long enough to perform
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FIG. 4: Spin relaxation: measured fraction of spin-down as
a function of the wait time, for an in-plane magnetic field of
10 T. Inset shows the field-dependence of Ty. Adapted from
Ref. [9].

two-spin operations, which are likely to be much faster.

To find the actual value of T5, the ability to perform
coherent spin operations is required. For this, we plan
to use the well-known electron spin resonance (ESR) ef-
fect. A microwave magnetic field B;C oscillating in the
plane perpendicular to B, at a frequency f = gupB/h
(in resonance with the spin precession about B‘) causes
the spin to make transitions between |1} and |]}). The
choice of B strength is a trade-off between reliable initial-
ization and read-cut (strong B is better) and experimen-
tal convenience (low f is easier). Properly timed bursts
of microwave power tip the spin state over a controlled
angle, e.g. 90° or 180°. In order to observe Rabi oscil-
lations, the Rabi period must be at most of the order of
the single-spin decoherence time Th. For a Rabi period
of 150 ns, we need a microwave field strength B, of ~ 1
mT. If T% is much longer, there is more time to coherently
rotate the spin, so a smaller oscillating field is sufficient.

To detect the coherent oscillations, we plan to combine
(pulsed) electron spin resonance with single-shot spin
measurement. This allows us to separate the spin manip-
ulation stage (during which the microwaves are on) from
the spin read-out stage (without microwaves}. In this
way, excitation out of the dot is prevented by Coulomb
blockade, until spin read-out is initiated. By varying the
pulse time of the microwaves and measuring the corre-
sponding probabilities for the electron spin to end up in
[T} or|i}, we can map out the Rabi oscillations and find
Ts.

V: A UNIVERSAL SET OF QUANTUM GATES

With a universal set of quantum gates, any quantum
algorithm can be implemented by controlling a particular
unitary evolution of the qubits. It is sufficient to have
single-qubit gates and a universal two-qubit gate (e.g.,
XOR or square root of SWAP). Single qubit operations
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are described in the previous section. To build two-qubit
gates, one can use the exchange interaction which arises
when two neighboring dots are tunnel coupled. If the
. double dot is filled with two identical spins, the interac-
tion does not change their orientation. However, if the
left electron spin starts out being |T) and the right one
{1}, then the states of the two spins will be swapped after
a certain time. An interaction active for half this time
performs the /SWAP gate, which has been shown to be
universal for guantum computation when combined with
single qubit rotations [12]. In fact, the exchange inter-
action is even universal by itself when the state of each
qubit is encoded in the state of three electron spins [13].

The strength J(t) of the exchange interaction depends
on the overlap of the two electron wavefunctions, which
varies exponentially with the voltage applied to the gate
controlling the inter-dot tunnel barrier. By applying a
{positive) voltage pulse with a certain amplitude and du-
ration, we can temporarily turn on the exchange inter-
action, thereby performing a /SWAP pate. We expect
that J may correspond to a frequency of ~ 10 GHz, so
two-qubit gates could be performed in ~ 100 ps. A much
larger value would not be convenient experimentally, as
we would have to control the exact amplitude and du-
ration of the pulse very precisely. On the other hand,
a very slow exchange operation would be more sensitive
to decoherence resulting from fluctuations in the tunnel
rate, due to charge noise.

To explore the operation of the SWAP gate, we only
need reliable initialization and read-out, without requir-
ing ESR [2]. Thus, the SWAP gate can already be im-
plemented with the current technology. Imagine qubit 1
is prepared in a pure state |T) and qubit 2 is prepared
in a statistical mixture of |1} and }}}. Measurement of
qubit. 1 should then always give |T), while measurement
of qubit 2 should give probabilistically |1} or ||}. After
application of the SwaP gate, in contrast, measurement
of qubit 2 should always give |1}, while measurement of
qubit 1 should give a probabilistic outcome, thus demon-
gtrating the two-qubit operation.

CONCLUSIONS

We have reviewed our experimental progress towards a
scalable quantum computer using electron spins in quan-

tum dots. Already, three of the five DiVincenzo criteria
have been satisfied. Concrete ideas for measuring the
coherence time (single-qubit rotations) and performing
two-qubit operations have been put forward. Our results
are very encouraging for future use of electron spins as
gubits.
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